INTRODUCTION
The fundamental paradox of subduction zone volcanism is the presence of melt and high heat flow adjacent to an enormous heat sink, the cold subducting slab; see Uyeda [1982] . Petrologists and geochemists have advanced numerous hypotheses regarding the source region of subduction zone magmas. The fundamental question is whether this source region is the eclogitic subducting slab or the peridotitic mantle wedge. The terminology we will use to describe the idealized geometry of the subduction zone is presented in Figure 1 Workers who argue for the wedge to be the primary source also involve the incorporation of components from the slab and sediments to explain the geochemical signature of subduction zone volcanics (SVZ) that differentiate them from mid-ocean ridge basalts (MORB) [Perfit et al., 1980] or ocean island basalts (OIB) [Morris and Hart, 1983] . The relative contribution from the different sources are hard to quantify ,and from DeBari et al. [1987] there is a suggestion that for different elements the contribution of different sources varies, suggesting preferential leaching of different elements by a mobile phase. These models frequently allow contamination by the assimilation of sub-volcanic front crust [Hildreth and Moorbath, 1988] .
In an attempt to disentangle this web of petrological and geochemical evidence, others have tried to evaluate sufficiently good thermal models such that certain hypotheses can be shown to be unreasonable.
We shall now review these attempts and argue that it is worthwhile to improve on them, to address the fundamental question of the whether the mantle wedge or the oceanic crust is the primary source region.
Thermal Models
The earliest thermal models of subduction zones [e.g., Griggs, 1972; McKenzie, 1969] had the explanation of deep seismicity as their focus and solved the zeroth-order problem of the sinking of a cold slab into a hot, constant temperature mantle. These thermal models did not address the thermal interaction of the slab on the wedge or the viscous coupling. Most have attempted to model the heat flow ,and one can obtain different thermal regimes depending on the assumptions one makes regarding how the system behaves; witness the wide range of thermal fields derived over the years given different assumptions. This might seem to suggest that thermal models provide no constraints. This is too pessimistic. In fact many of the assumptions of the old thermal models are accepted to be unreasonable or unsuitable, and in this light the differences among models with reasonable assumptions are actually small, sufficiently small to allow reasonable predictions from phase diagrams. For example, Hasebe et al. [1970] had viscous shear heating as a major heat source, while they credited the enhanced heat flow at the volcanic front to advected heat by magma flow; both viscous heating and advection by magma are argued below to be of secondary importance and not relevant in obtaining the first-order model. Another example is the purely viscous model of Bodri and Bodri [1978] , which allowed the induced wedge flow to lead to extreme ablation of the wedge corner; their extreme ablation is unreasonable, but otherwise the general principle of ablation is well supported and their thermal model is not too different from other thermal models including induced flow and no major heat sources. We shall now begin by reviewing previous models to illustrate that when one assesses them critically, one arrives at the conclusion that the thermal field of a subduction zone is now more constrained than was assumed in previous syntheses. Having said that, the temperature of the slab mantle interface and the shallow layers are only poorly modeled here, but it is argued that the uncertain regions of the model do not alter the predictions of the source region of subduction zone magmatism. Of course, with special conditions, for example, initiation of subduction or ridge subduction, the details of the derived thermal field will differ somewhat. For the vast majority of cases the same conclusions will apply.
The earliest suggestion was that the subducting plate melted due to the high frictional shear stresses on the fault between the two plates [Oxburgh and Turcotte, 1968; Turcotte and Schubert, 1973] or the high viscous dissipation due to the shearing of a fluid plate-wedge interface [Turcotte and Schubert, 1968] . Their thermal models assumed that this process was the explanation for the volcanics and hence set the stresses at the level required to melt the plate. This required large stresses of the order of several hundred megapascals. The models of Toks& et al. [1971] and Minear and Toks& [1970] have been widely cited primarily due to their inclusion of many heat sources. Frictional heating was also a significant factor in these models, while viscous coupling of the slab and the wedge was ignored. Following the work of Yuen et al. [1978] and Yuen and Schubert [1979] high shear stresses were shown to be unlikely. Beukel and Wortel [1987] have shown that given reasonable theology and heat flow constraints, shear stresses are likely to be about 25 MPa, extend down to about 40 kin, and locally lead to temperature increases of no more than 250øC. Anderson et al. [1976, 1978] argued that endothermic dehydration reactions in the plate would absorb most if not all the heat produced in the frictional heating in the shear zone. Therefore frictional heating has been shown not to be a major The calculation of Hsui et al. [1983] could not be conclusive for three reasons. First, a thermal boundary condition needed to be prescribed at the slab mantle interface. In one case the temperature at this interface was prescribed and hence could not be evaluated, while in the second case zero heat flux condition was applied at the interface, which is obviously incorrect, and only an approximation, as Hsui et al. [198S] themselves discuss. Second, (as they also discuss) their grid spacing is insufficient to resolve the actual temperature at the interface and in the neighboring mantle wedge. Third, the conclusion that the potential melting is located 100 km below the volcanic front in their model is directly related to their assumption that the rigid lithosphere of the overriding plate is 100 km thick. This choice of thickness is open to question; in this study we favor a thickness of 40 km. Honda [1985] addressed many of the above problems but posed the answer in the form of a question, that is, the mantle temperature below the Japan Sea is 1400 ø C, and how is the Japan Sea this hot? Honda could not answer this question, since the area he modeled is quite small, less than 200 km in depth, and belies the fact that the wedge temperature really comes from satisfying the petrologic constraint of Tatsumi et al. [1983] .
This study was undertaken so as to avoid the limitations of the previous studies outlined above. Induced flow needs to be considered with a more detailed grid such that the resolution problems of Hsui et al. [1983] and the extent problems of Honda [1985] are avoided. We also avoided signing boundary conditions to the slab mantle interface by placing the slab in the middle of a grid so that the side boundary conditions did not involve the slab.
We will show, using finite element numerical models and analytic models, that it is difficult to heat up the slab mantle interface and hence that the subducting plate is unlikely to be the major source of the subduction zone magmas. We go further than standard interpretations of comparing thermal models to phase diagrams by taking into account the dynamics of the mantle wedge. This leads us to propose mechanism for the lateral transport of water out into the mantle wedge and also for the focussing of cracks in towards the mantle wedge corner. We shall show that the combination of all these processes could allows us to explain the height of the volcanic front above the Benioff zone. We also investigate the conditions necessary for local sources of buoyancy , for example, melt, to reverse the slab-induced flow of the mantle wedge and generate an upwelling.
The subducting slab is assumed to drag down mantle at its sides. By continuity the mantle below the overriding lithosphere must approach the wedge corner to replace the material descending with the slab. Hence the subducting slab induces a regional flow. As this mantle descends with the slab, it heats the slab and is correspondingly cooled. The extent to which this cooling extends into the mantle increases with depth into the mantle. This is like a boundary layer, and its thickness is about v/-•, or equivalently, V/n:r/vp, where t is time, x is distance down along the slab and vp is the plate velocity.
The boundary layer is thinnest within 10 km of the wedge corner. This initial thickness of the thermal boundary layer in the mantle occurs at the point where the flow is largely perpendicular to the slab before it begins to descend parallel to the slab. Assuming that this thickness is a balance between horizontal advection into the corner and horizontal conduction into the slab we get that v•or/ox = n02T/Oy 2
If we assumed, unreasonably, that v• is constant and equal to the plate velocity (• 7 cm/yr), all the way to the slab surface, then the initial thickness is estimated to be around 500 m. It is more reasonable to assume that the normal flow velocity decreases as it approaches the slab. If we assume that it decreases linearly from the plate velocity to zero over 5 km, then we find that an estimate of the thickness of the thermal boundary layer is ,•, 5 km. It is found that the temperature at the interface of two blocks at different temperatures remains virtually constant as they equilibrate (at the mean temperature of the two blocks [Carslaw and Jaeger, 1959, p. 55] ). This is expanded upon in Appendix A to illustrate that the temperature of the slab mantle interface in the "magic corner" [Marsh, 1979] , where the flow is impinging on the slab, is very similar to the mean of the temperature of the impinging flow and the coldest temperature in the subducting plate. This is the background to the primary result of the paper: since the flow perpendicular to the slab must decrease to zero at the slab surface, the thermal effect of induced flow at the slab surface is much reduced.
A more complete analytic solution suggested to us by A. , 1985) , for the part of the problem where the wedge flow is parallel to the slab surface is also presented in Appendix A. This more complete analytic solution shows us that the thickness of the boundary layer is inversely proportional to the plate width and demonstrates the V/•z/vp behavior. In this model, the interface temperature is also close to the mean of the appropriate mantle and slab temperatures. Of course the interface temperature will vary with depth, since the mantle and slab temperatures increase at different rates as a function of depth.
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NUMERICAL MODEL
Before introducing the method we will briefly discuss the framework envisaged for the numerical model. Since dynamic modeling of subduction is in its infancy [Gurnis, 1989] , we have used the more robust kinematic modeling of the flow of the slab and the surrounding wedge. Since we are restricting our attention to potential source regions for subduction zone magmas, we attempt to model accurately only the thermal field of the subduction zone close to the wedge corner down to a depth of around 150 km. The model outside this region does not require great care. Provided the region of interest is largely insensitive to the exact choices at the model periphery, we do not care which choice is made. In particular we take no account for the details of the fate of the slab, or local sources of thermal buoyancy. The insensitivity of the thermal field to the fate of the slab was demonstrated for a spreading and penetrating slab by running two appropriate 700 km depth box models.
At a larger distance from the corner and over larger time scales the global convection is significant. Suggestions for The temperature field was modeled using a finite element convection code. The grid used for the 60 ø dipping slab, together with the location of the plates and the thermal boundary conditions is shown in Figure 2 . A similar but even finer resolution grid was used for the 30 ø dipping slab. Using such a grid had two advantages over a finite difference grid. First, it was easy to implement the variable cell size allowing cells to range from • 3 km across to 40 km across (grid of 60 ø model), giving us the ability to combine resolution in the region of interest together with distant boundary conditions such that the region of interest was insensitive to the particular boundary conditions. Second, it allowed us to have the slab interface be fiat rather than stepped as it would be with a rectangular grid.
The following equations were solved:
The where T is temperature, t is time, and • is thermal diffusiv~ ity.
We have used the Boussinesq approximation [Tritton, 1977] , which ignores all variations in density other than as a body force in the Stokes Equation. One of the conditions for the applicability of the Boussinesq approximation is that the depth of the model is less than the pressure scale height; this is not a problem for a model 400 km deep. This leads to the continuity equation reducing to a requirement for incompressibility. We assume that C'v, •, and c• are constant. We used real rather than potential temperatures; this allowed us to compare the results directly with phase diagrams. This is a rather poor excuse since converting from potential to real temperatures is easy. The resulting errors (due to ignoring adiabatic decompression) from using real temperatures are small in comparison to the uncertainty and disagreement in locating the phase boundaries; this is also true of the other approximations mentioned.
Using the robust kinematic boundary conditions, it was discovered that variable (note that we would be limited numerically to no more than 5 orders of magnitude in viscosity contrast) or constant viscosity made little difference to the flow produced near the wedge corner, our region of interest. This can perhaps be understood because using kinematic boundary conditions requires the slab to behave as if it has infinite viscosity. In comparison, any other viscosity contrast is insignificant. Or restated, the primary influence of variable viscosity is expected at the cold boundaries, but these regions are also velocity boundary layers, and the velocities in these regions are dominated by the boundary conditions and are less sensitive to the viscosity. As a result, constant viscosity was used. Temperature dependent viscosity is potentially important in the Earth, but this will be effectively implemented only when kinematic boundary conditions are replaced by a dynamic system. Similarly, NewtonJan viscosity was used as opposed to power law theology, even though the high stresses expected suggest that the theology is most probably nonlinear, at least near the corner. For a discussion of power law theology corner flow, see Tovish et al. [1978] . Note if the plate is mechanically decoupled from the mantle wedge the kinematic boundary conditions no longer control the flow far away from the slab; hence in this case the theology of the wedge will be important if there are local sources of buoyancy.
Since in our formulation the density and viscosity are independent of temperature, the solution of the flow and temperature field are decoupled. The flow need only be solved once, and only the energy equation needs to be advanced through time, leading to computational savings. Hence we have forced convection rather than free convection. Using kinematic boundary conditions makes it difficult to evaluate the proportion of the global thermal buoyancy that has been accounted for with the kinematic velocity boundary conditions. It is expected that the flow resulting from the smooth large-scale temperature variations are wall accounted for by the boundary conditions, while the temperature variations whose flow generation are unaccounted for, will lead to only minor, local changes to the flow. To accurately include the effects of thermal buoyancy, one will need a dynamic model with temperature dependent viscosity. By contrast, it is felt that large local compositional differences (e.g., due to the presence of melt and residue) can lead to substantial local flow variations, especially away from the forced flow of the slab boundary conditions. These are investigated in section 5 using locally prescribed body forces.
These The temperature boundary conditions are also illustrated in Figure 2 . We shall distinguish two lithospheres, first, a thermal lithosphere, which is the Earth's thermal boundary layer, and second, a mechanical lithosphere which will be considered to be the rigid part of the plate on the time scale of the process (of the order of 10 m.y. to achieve steady state). The thermal lithosphere of the overriding plate was made 100 km thick and was characterized by a linear temperature distribution. The thermal lithosphere of the subducting plate was made of variable thickness varying from 20 to 120 km thick and was characterized by an error function temperature distribution. All the figures are from models with subducting oceanic lithospheres that are • 90 km thick. The sides of the box below the thermal lithosphere were given a linear temperature profile corresponding to an adiabatic gradient increasing from T = 1 at the base of the thermal lithosphere to T = 1.14 at the bottom of the box (modeled to be 400 km). The thermal boundary condition at the bottom was one of zero heat flux.
The velocity boundary conditions are illustrated in Figure  3 . Note that the boundary conditions on the edges of the wedge are zero normal stress, implying that the derivative of the velocity in the direction normal to the boundary is zero.
This gives a velocity field in the wedge corner very similar to the corner flow solution found by Batchelor [1967] [1968] found that the diffusivity of forsterire at 3 GPa and 825øC was 9.4x10 -z m 2 s -z, and 10.3x10 -? m 2 s -a for 725øC. Density increases slowly with depth, while above the Debye temperature, the specific heat capacity is largely constant. The relevant diffusivity is that of the slab and mantle wedge in the thermal boundary layer where conduction is important. Since it is cold here, we estimate that the net result is a thermal diffusivity largely unchanged compared to the value at the surface. We use n = 10 -e m 2 s -a. were not observed. These might be impo.rtant locally.
In the thermal model there are no explicit heat sources or heat sinks. Rough estimates of the magnitude of potential heat sources and sinks are made in Table 1 . The estimates applicable to the wedge have been evaluated for a radius of 150 km from the apex of the wedge corner, for a slab subducting at 45 ø . The most dramatic observation is that the advection of cold by the subducting slab is the biggest effect. This leads to large gradients across the slab mantle boundary, and hence conduction of heat into the lithospheres is the major heat sink from the wedge. Therefore the first-order thermal field of the wedge will be dominated by its contribution. It is balanced by the advection of heat by the induced flow. Given our limited understanding of other components of the model, such as melting, the subduction zone rheology, and phase diagrams, it is appropriate to ignore these other sources and sinks presently. Note that the frictional heating is outside the wedge and most of it heats up the underlying cold slab. We have not estimated viscous dissipation, but we note that it is unlikely to be the dominant mechanism since of the extent of rupture in the Andes by Tichelaar and Ruff dissipation increases the temperature, which leads to a low- [1989] give depth ranges of 40-50 km. From the combina-ering of the viscosity and hence reduced dissipation. Melting tion of the above arguments we believe that a thickness of also has a negative feedback; more melting cools the system 40 km is most probably a reasonable choice. All workers until the rate of melting stops increasing. Note that the esinterested in proposing a reversal in flow direction have re-timate of energy consumed by dehydration is similar to the quired the mechanical lithosphere to be, at most, 50 km heat of hydration. Hence some of the sources and sinks that thick [Plank and Langmuir, 1988; Ida, 1983a We assume that the temperature in the mantle, away from the slab, is 1325øC at a depth of 100 km, and 1500øC at a depth of 400 km.
MODEL P•SULTS AND [NTERPP•ETATION
We shall consider the effects of two sources of buoyancy on the dynamics. They are the long-wavelength component of the temperature variation, which gives the descent of the slab seen in the seismicity, and the buoyancy due to the differentiation (melt and residue), to form subduction zone magmas. We shall first include only the slab-induced regional flow. This is discussed in section 4.1. Then we shall also include the potential effects of buoyancy as a result of me]ting, leading to local changes in the flow. This buoyancy can potentially give a local reversal in the mantle wedge flow; this is discussed in section 5.
Slab-Induced Corner Flow
Results of thermal models. Using the above methodology, we ran a series of numerical experiments using models in which the mantle flow was prescribed by the kinematic plate flow and there were no intrinsic sources of buoyancy, that is B,• --0 everywhere. Two grids were considered, one with the subducting slab dipping at 30 ø and the other with the slab dipping at 60 ø. These models were set up to address the closer to the cold upper lithosphere. This tends to squeeze out the hot tongue of mantle wedge that heads towards the apex of the wedge corner, and therefore we get marginally cooler mantle wedges. In the limit of very low dips there is no hot tongue of mantle wedge; this possibly explains why there is no magmatism above slabs with dips <• 20 ø (e.g., certain regions of Andes). Also, it is found that the surface of the oceanic crust has higher temperatures at shallower dips. A thicker mechanical lithosphere leads to the isotherms being pushed deeper, but relative to the mechanical lithosphere they are shallower and the wedge is hotter.
Similarly, the interior and surface of the slab are also slightly hotter. Varying the thickness (or, equivalently, the age) of the subducting oceanic plate had virtually no effect on the temperature in the mantle wedge, while thinner, younger, hotter slabs heated up more and as a consequence had higher temperatures at their interface with the mantle wedge.
Phase diagrams. In Figure 6 we illustrate the dry (D), wet (W), and amphibole-buffered (A) solidi in both the basalt (B) and peridotire (P) systems, for example AP is the amphibole-buffered solidus in the peridotire system. We also present the dehydration curves of amphiboles in both the peridotire (AMP) and the basalt system (AmB); these are just subsolidus continuations of the amphibole-buffered solidi. The amphibole-buffered solidus is at a higher temperature than the wet solidus (free water) when amphibole is stable above the wet solidus. Note that the amphibolebuffered solidus is for a rock that is perfectly dry. Gill [1981] suggests that the amount of CO• in fumaroles is low, although this direct observation is questioned by some petrologists, notably Barnes et al. [1988] . Second, it is uncerts.in how much calcite is subducted, but it seems probable that calcite will remain stable and survive until deep into the mantle [Huang et al., 1980] ; the influence of other minerals and water should be investigated in confirming the relative stability of calcite. There is no equivalent to hydrothermal circulation, though there is hydrothermal carbonation largely as a result of the precipitation of calcite. Little of the seafloor sediments containing limestone etc. are expected to proceed down the thrust zone past the accretionary prism.
Very little melting is expected at the wet solidus since we have little free water, but at the temperature corresponding to the amphibole-buffered solidus we can expect of the order of 10% melting [Green, 1972] . The degree of melting is a function of both the amount of free water and the temperature. At temperatures just below the amphibole-buffered solidus even small amounts of water will produce appreciable melting, but when the amount of free water is as small as • 10 -4 , this is practically irrelevant. Therefore we expect the relevant solidus (where appreciable melt is produced) to be the amphibole-buffered solidus. Notice that at high pressures and very low pressures the amphibole-buffered solidus intersects with the wet solidus (i.e., in regions where amphibole is unstable). Since we ignore the latent heat of fusion in our thermal models, an allowance can be made by considering the effective temperature for melting to be higher (e.g., around 40øC higher for 10% degree of melting). [Gill, 1981] ; 1124-19km [Tatsumi, 1986] ). Below we discuss a distinct variation involving two novel ideas, the first involves lateral transport of water into the wedge and the second involves the focusing of melt towards the wedge corner due to the propagation direction of cracks. They lead to similar depths of the underlying plate below the volcanic front but suggest a slightly wider range and a slight increase at large dips as observed.
The actual temperature at the slab surface, as expected, is largely independent of velocity and dip. The slab heats up slightly more if it is younger so that if mechanisms depended on temperature to dehydrate the hydrated minerals in the slab it would lead to different depths of release of water depending on the age of the plate. There is no correlation of either the volume of magma production or the depth of the Wadati-Benioff zone below the volcanic front with the age of the subducting plate. This is consistent with the critical dehydration reactions being controlled by pressure rather than temperature, as the phase diagrams suggest for axnphibole in a cold slab or wedge.
Brophy and Marsh [1986] suggest that high-alumina basalts are primary melts derived from melting oceanic crust. They suggest that these basalts are ultimately the result of 50% degree of melting and as a result they do not exhibit the rare Earth element signature of the presence of residual garnet in the source since nearly all (or all) the garnet is consumed in the extensive melting. They propose that the melts cannot segregate, and thus due to the presence of melt the quartz eclogite becomes diapirically unstable at 20% degree of melting. The resulting diapir then continues to heat up during its rise through the mantle wedge until the degree of melting reaches 50%, at which point the melts can segregate by repacking of the solid. Following Brophy and Marsh [1986] , a reasonable phase diagram for such high degrees of melting (20-50%) is that of anhydrous high-alumina quartz tholeiite (given that the water content of high-alumina basalt is • 1%). This phase diagram suggests temperatures • 1300øC at 2 GPa and • 1350øC at 3GPa for 20% melting. Our thermal model does not allow such temperatures; therefore in general the diapiric instability that they propose cannot be initiated. Hence it is only by ridge subduction that the required temperatures could be achieved. present, the only other way melt could be produced in this model is for the mantle to be very hot and for there to be some melt everywhere. There is no evidence for extensive melting, and it is most unlikely to lead to the sharp volcanic front found in subduction zones. By elimination, the only other possibility is that volatiles from the slab migrate into hot regions of the mantle wedge, lowering the solidus and causing melting.
Water Transport
Evidence oj • water in subduction zones. We have argued from our thermal models that the presence of lavas at island arcs can be explained only if water lowers the wedge solidus.
A wide range of observations hints at the influence of sediments and water in subduction zones. These include •øBe [Tera et from a study of published analyses of coexisting minerals in spinel peridotires suggest that there is a large variation in the fO2 of subduction zone volcanics but that it is generally higher than or close to the fayalite-quartz-magnetite buffer.
We can understand not only the high fOa but also the wide range discovered due to the various sources and their varying fO2. Given a sufficient flux of volatiles, it is probable that this flux controls the fOz (also suggested by Blund• et al. [1991] and Ballhaus et al. [19901) . Given th• above estimates of fOa, it is very likely that most H will be in H20 while most C will be in CO2. By water we mean H20 as a vapor rather than liquid water; in fact under' mantle conditions water is above its critical point and is a fluid.
How does the water leave the slab? We shall arrange this section following the path of a volume of water from the slab to the wedge, into melt, and through the melt to the base of the lithosphere. The miniscule volumes of water produced by dehydration of individual amphiboles will be unable to set up a sufficiently long crack to propagate large distances, unless these small volumes of water can interconnect. Hence the most probable means of propagation, at least initially, is by porous flow. The exact phase in which water leaves the slab to enter the mantle is unknown. The thermal models above suggest a fluid, but unfortunately the validity of the thermal models are most questionable at the slab-mantle interface, as discussed below. Therefore we present two possibilities. The first involves a silica-rich hydrous phase, while the second involves a water-rich melt.
We shall show that they are expected to lead to similar conditions. This is because silicic melts that are produced will be very hydrous (•25 wt % HaO), while the hydrous fluids that are produced can be expected to be silica-rich (•20 wt %) [Egglet, 1987] . Since their volumes are small in comparison to the total magma they produce, it will be difficult to differentiate between them. Geochemically, identifying the mobile phase is important, but in identifying the spatial extent of the source region of subduction zone magmas we suggest that it is irrelevant. Let us consider the water leaving the slab in a silicic melt. of peridotite by the silicic melt will cause crystallization. As its viscosity increases and the melt fraction decreases, it will stop migrating. It will assimilate more peridotite until it is solid. The water in the melt will be incorporated into amphiboles in the mantle wedge. This is not too dissimilar to the hybridization mechanism of Nicholls and Rin•lwood In the above section we discussed the transport mechanism for water and showed that water could allow melting to initiate at a depth of 100 km. Water is highly incompatible and enters the melt. If we consider that the system is in steady state, then a constant water flux implies a specific relationship between the water content of the melt and melt velocity (permeability, porosity) at each depth. This is outlined in Appendix C. Davies and Bickle [1991] have extended this greatly and show that the mechanism leads to reasonable estimates of melt temperature, melt flux, melt water contents, major element composition, and average degree of melting. It also suggests that increasing lithosphere thickness can play a significant role by reducing the height of the melting column and lowering the temperature, leading to lower melt fluxes with higher water contents.
More simplistically, this whole region can be considered as one box at one temperature, pressure, and water content, and the degree of melting can be evaluated. This of course is a gross simplification, but gives us a zeroth-order estimation of the amount of melt produced. Consider T • 1175øC, P = 2 GPa, and water content of peridotire = 0.4 wt %; then from Green [1973] we estimate a degree of melting of the order of 10-15%. This would suggest an average water content in the magmas of 3-5 wt %. The liquidus of basalt with 2-5 wt % H20 at 2 GPa is in the range 1200ø-1250øC
[W•tllie, 1979]; hence given all the uncertainties, including the fact that the basalts at the source in the mantle have a different composition from those used in the experiments, it is possible that the 50øC difference is not significant. This water content is higher than that estimated for the magmas that reach the surface (2 wt %). If these figures are valid, one possible explanation is that all the melt at the source does not make it to the upper crust but is stranded in the mantle and lower crust. Water solubility in melts remains quite high until very shallow depths, for example, 10 wt % at 500 MPa [Green, 1973] ; hence it is difficult for the magmas to become water saturated unless they crystallize anhydrous minerals.
Comparison of water and magma production rates. Since we are proposing that arc basalts and andesires derive from a water-fiuxed mantle, it is important that there is sufficient water. In Appendix B, estimates of water and lava production are assessed to consider the extent of mantle hydration. Estimates of oceanic crust hydration in the literature range from 2 to 6 wt %. We conservatively estimate that only 10% of this water is released into the asthenosphere if the water released along the thrust zone can proceed back along the fault zone to the surface and contribute to the large flow of water observed along the decollement [Vrolijk et al., 1988 ]. This depends critically on the thrust zone not being "tight," and also that there is sufficient permeability in the oceanic crust for the water to reach the fault zone. It is more likely that the oceanic crust will undergo metamorphism from the greenschist facies to the amphibolite facies without losing much of its volstiles. Hence, by using 10% of the estimate of bound water subducted, we are deriving a conservative lower bound estimate on the volume of water subducted. We assume three different regimes. The first is inside the overriding mechanical lithosphere, where we assume that the least compressive stress is in the horizontal plane. In this regime the cracks propagate vertically. The second is in the shallower asthenosphere, where we have argued above that the least compressive stress will be aligned so that cracks are focussed towards the corner. The third is in the lower part of the asthenosphere where we will assume that buoyancy will overcome the deviatoric stress field and decide the propagation direction, since this region is hotter with lower viscosity and hence lower deviatoric stress. Hence from the source region to the point where cracks are focussed towards the wedge corner the cracks will be assumed to rise vertically rather than be focussed away from the wedge corner. In the real Earth of course, there will be a more gradual transition between these regimes, but given the high temperature gradients and the exponential temperature dependence of viscosity, the transitions might be narrow.
Height o• volcanic •ront above Wadati-Benioff zone. Does this mechanism of lateral transport of water, followed by stress-controlled fracture propagation, lead to the volcanic front being located • 1244-34 km [Gill, 1981] this point, automatically satisfying the depth constraint. As was argued in section 3 above, it seems unlikely that the rigid lithosphere is generally this thick beneath the volcanic front; we suggest 40 kin.
We suggest that the top of the source region is at the depth of maximum temperature. This will also be the region of maximum melt production. This would mean that the water does not, as a rule, continue up to the shallow amphibole-buffered solidus but is rapidly removed (in the melt) by cracks to the base of the rigid lithosphere. With no water, the solidus of the wedge shallower than the region of maximum melt production will be at or close to the anhydrous solidus. Water will be present locally where water-rich magmas that cannot make it to the rigid lithosphere freeze.
For the 60 ø dipping slab, we suggest that water initiates melting at a depth of around 100 km depth and 20 km away from the slab (Figure 9) . This water is then carried by melts to higher, hotter regions in the wedge where it induces ever greater degrees of melting. However when the hottest isotherm is reached we suggest that the melting cannot advance vertically, since there is insufficient water in the melt. At the colder temperature the buffered solidus is attained only at a higher water content; equally, the basalt is at its liquidus only at higher water contents. The melts are not able to migrate further and start to stagnate and crystallize. Crystallization allows some of the melt to progress slightly further since it achieves higher water contents, and at very high water contents the melt exsolves a vapor phase that could help in initiating cracks. Hence this freezing region provides a lid to the source region against which the melts accumulate and from which cracks propagate to the base of the mechanical lithosphere. The exact mechanism for initiating cracks in hot rock is unclear, but there is evidence for cracking of hot materiM [see Nicolas, 1986; Sleep 1988] .
With a few assumptions we can extend the estimate of the height of the volcanic front above the Wadati-Benioff zone (H) (A to B in figure 10a ) from the two slab dips explicitly modelled above to all slab dips. At different dips we find that the thickness of the thermal boundary layer on the surface of the subducting slab is unchanged (provided that the subduction velocity is similar) but the horizontal distance to be traversed to reach the solidus will be proportional to cosec ttd, where ttd is the dip angle of the plate. From Figure 10a , we estimate the thickness of the thermal boundary layer (E-F) (i.e., perpendicular to the slab; we have shown Figure 10b . We note that the points exhibit a fair degree of scatter and that the predicted curve is fairly fiat and passes through their middle. We suggest that H increases at large dips. This is actually seen in the data (Figure 10b ), but it is frequently suggested to be a bias resulting from the larger errors involved in estimating the vertical position due to the steep dips [Tatsumi, 1986] . We suspect that a more detailed understanding of the theology of the mantle wedge and of crack propagation will alter the details of the above calculation. The calculation should be viewed only as a consistency check for the present model. It is probable that in a dynamic model with nonlinear temperature dependent theology that the flow will be focussed into a thinner region parallel to the slab. This will not change the interface temperature greatly, since it is parallel, but it might bring the region of extensive melting closer to the slab. In such a scenario it might be possible for the cracks to propagate more or less vertically and satisfy the would be advected by the induced flow, which would focus them towards the wedge corner. Finally, as was mentioned, the initiation of crack propagation and the controls on the direction of crack propagation are poorly understood; hence improvements in understanding here might force us to alter the above assumptions. Though the proposal for the stress control of the direction of fracture propagation is slightly speculative, we believe that the mechanism for the lateral transport of water across the mantle wedge is robust. The above models predict the generation of melt and residue but have not considered their potentia• contribution to the dynamics, due to their buoyancy. In section 5, we shall illustrate how this effect can generate a local flow reversa] (i.e., reversing the flow induced in the mantle wedge by the subducting slab) and extend the above discussion.
FLOW REVERSAL IN WEDGE
Higher temperatures can be generated in the wedge by invoking a mechanism involving a reversal of the flow in the wedge leading to melting by adiabatic decompression [Ida, Therefore the source of buoyancy is solely the source region, which is reasonably fixed since it is related to the water flux and the advection controlled temperature field. We investigated a suite of numerical examples where the magnitude of the buoyancy force is characterized by the buoyancy number mentioned in section 3 above. Some resulting velocity fields are illustrated in Figures 11-13 . We observe that for these models we can reverse the wedge flow some distance above the location of the source of buoyancy but the flow is nearly all downwards immediately below the source of buoyancy. In this model we do not see the "updraft" that Ida [1983a Ida [ , b, 1987 ] sees in his buoyancy-driven reversal. In Figure 11a we present the whole model (note that the depth is 700 km) and the box represents the magnified regions shown in Figures 11-13 . In Figure 11b of attenuation operating at both of these widely differing frequencies. The choice of 10 km radius for the source is given by the lateral extent of the intersection of the extent of hydration with the wet solidus isotherm, and the height of the source is given by the height that the maximum temperature occurs above the amphibole dehydration depth. The width, as defined above, implies that all the water is released at the base of the source region and is carried upwards in melt. Alternatively, if the relationship of the flow field to the line AmP (at which amphibolitized mantle melts) in the mantle is slightly changed, the the water could be equally carried across the source region in amphiboles of varying stability, whose breakdown defined the width. Obviously, it is naive to believe that all amphiboles dehydrate under exactly the same conditions; amphiboles are a large family with a lot of compositional variation. We argue that our simplistic view works because the majority of amphiboles formed in the mantle wedge will be of similar composition to a pargasitic amphibole and hence will largely dehydrate at around the same conditions. From Sudo and Tatsumi [1990] we see that potassium-rich amphiboles are very stable, so stable that they would survive the conditions in the wedge and if prevalent in the wedge could take a lot of water deep into the mantle. If potassium-rich pargasitic amphiboles also show greater thermal stability, then this could be the explanation for the increase in the K content of lavas as we increase in distance from the trench [Hatherton and Dickinson, 1969] .
Equally, the increased stability of phlogopite could be a partial explanation, but it might also be too stable, as was dis- cosity. This would be more than sufficient for the wedge to become decoupled.
Dimensionality of Problem
Two comments need to be made regarding the above discussion. First, the dimensionality of the problem needs consideration, and second, other sources of buoyancy may be present. Even though the problem seems two-dimensional with plates extending into a homogeneous mantle, we observe localized volcanic edifices at the surface, while there are also along arc variations in both geophysical and geochemical data.
Hence it is conceivable that the partial melting process has a large degree of along arc variation. If so, and if they are well separated, then it becomes more difficult for individual diapirs to reverse the flow. This can be seen by calculating the radius required for a diapir to move at 5 cm/yr through a matrix of viscosity 1019 Pa s. It is • 40 km, that is, a factor of 16 more buoyancy. Hence if the sources of buoyancy are localized along arc, then they will lead to weaker wedge flow reversal and less melting by adiabatic decompression. The variation in degree of melting along arc need not be large or localized to produce the localized edifices. This localization could be more a reflection of the segregation process than the distribution of melting [Stevenson, 1988] .
If the variation in the amount of melt present is small and smooth, then the process can be conceived of as being twodimensional rather than three-dimensional, since the diapirs would interact (possibly approaching a cylinder) and add to each others' flow and reduce the drag. The model presented here differs from that of Plank and Langmuir [1988] and Tatsumi et al. [1983] in that it does not allow appreciable diapiric movement. Note also that we distinguish between rigid lithosphere and crust rather than equating them as did Plank and Langmuir [1988] .
Other Sources of Buoyancy
Other sources of buoyancy that have not been explicitly addressed here include the intrinsic buoyancy of residue in the solid wedge (which is a function of the degree of melting) and the thermal buoyancy due to the thermal gradients. An indication of the potential contribution of these and other effects to the buoyancy balance is presented in Table 2 .
One can see that there are many potentially significant components contributing to the buoyancy of the subduction zone wedge. The figures in Table 2 suggest that if the hydration of the mantle wedge is as extensive as suggested in our previous discussion, it might be as significant as the combined buoyancy of melt and residue. One needs to consider the theology of the surrounding matrix in deciding the efficiency of the various sources of buoyancy in generating flow reversal. In the case of hydration the viscosity of the surrounding matrix is expected to be generally much higher than near the partially molten regions and hence will be much less effective in reversing the slab-induced flow.
The residue is less dense than the fertile source rock and hence is a source of buoyancy. Given that it is lighter, it tends to stay near the surface and the source region. Therefore the lateral density gradients that it develops locally cannot be sharp, though the total buoyancy could be large due to its extent. Thermal buoyancy is difficult to incorporate in this kinematic model since the major temperature contrast (slab to wedge) drives the subduction to some unknown extent [Carlson, 1983; Davies, 1984; Richter, 1977; and Spence, 1987] . Therefore the kinematic boundary conditions include the thermal buoyancy to an equally unknown extent. Since there are very large viscosity contrasts, the effects of the unaccounted temperature contrasts would be difficult to model numerically. The buoyancy of the residue will tend to reverse the flow, while the effect of the unaccounted thermal buoyancy is unknown.
Need for Time Dependence
If flow reversal is allowed to develop to a steady state temperature field, then it is actually colder than a model without flow reversal since there will be closed streamlines in the model with flow reversal. This is because the closed streamlines in the wedge corner are continually cooled by the downgoing slab. If on the other hand the mechanism is allowed to be time dependent, hotter temperatures can be periodically produced. To demonstrate the initial increase in temperature followed by the long term decrease due to a permanent constant buoyancy force, we ran the following model. We took the result of a steady state calculation of a model without any sources of buoyancy and used it as the initial conditions for a time dependent calculation using an explicit version of the implicit code. In the model there was no decoupling, and there was a buoyancy number of 10 6 extending over an area of approximately 100 km 2. From This mechanism suggests that the first melts produced in a young subduction zone (before there has been sufficient subduction to cool down the wedge) will have very high water contents since the hotter wedge will allow larger volumes of water saturated melts to be generated, increasing their probability of reaching the surface. They would be expected to appear closer to the trench. These might be equated with boninites [Dobson and O'Neil, 1987] . Boninites are very depleted, and the boninite explanation would fit only if the initial wedge was very depleted and got less depleted with time as the slab increasingly metasomatized the wedge and material was recycled by the melting-arrested propagating crack-induced flow cycle.
During the reversal stage of the periodic cycle the water will still leave the slab and will be transported laterally by the mechanism described earlier, since it takes up only a small proportion of the wedge, that is, is localized to • 1 km width perpendicular to the slab, near the slab, from a depth of around 75-100 km, and • 5-10 km in depth across the wedge at a depth of •-0 100 km (Appendix B). Hence it would not be much affected by a possible decoupling, which extends more than a few kilometers into the wedge. Equally, it would not be greatly affected by a flow reversal, since a flow reversal does not develop much of an "updraft". 4. Balancing water input into the subduction zone with volume and water content of subduction zone magma entering the crust leads us to suggest the possibility that more magma is generated in the subduction zone but that it is very hydrous and is arrested in the lithospheric mantle.
Some of these water-rich frozen melts (amphibolites and serpentinites) might become diapirically unstable and produce tonalitic plutons and, possibly, the granites seen in continental convergent margins. Also, the hydrous melts will exsolve free water towards the end of their crystallization and might be the source of the water suggested in electrical conductivity and seismic reflection work. The most hydrous magmas are the result of small degrees of melting. These will not reach the mechanical lithosphere but will be swept back into the molten zone and undergo further melting. This leads to a process where the same material can be melted repeatedly, allowing large fractionations and a decoupling of incompatible elements from the major elements.
5. If the magmas are transported to the base of the lithosphere by cracks whose direction of propagation is controlled by the least compressive stress, then this leads to a mechanism that helps in focusing the melts at the volcanic front and in explaining its nearly constant height of 120 km above the Wadati-Benioff zone for most dips and its increase at very high dips.
6. The width of the source region will be partly controlled by the stability range of the dominant amphiboles. The increasing K content of lavas as we go further away from the trench could be explained by the possible higher thermal stability of amphiboles richer in potassium. 
F = sa 2f3Apg/brl (C1)
where s is the solubility of water in the melt, a is the mean grain size, f is the melt porosity, Ap is the density difference between the melt and the matrix, b is a parameter in the permeability expression (see Appendix B), and • is the melt's viscosity. We can solve for the melt porosity cubed times the solubility. Equally, we can limit the melt porosity since we need a certain amount of melt to generate the arc. Notice that the magnitude of the deviatoric stress is proporttonal to the viscosity. The viscosity is low in the region from the source to the point at which there is a transition in the direction of propagation, due to the high temperatures.
Hence we suggest that in this region the deviatoric stress will be unlikely to control the direction of propagation but will be dominated by the buoyancy force and hence that the cracks will propagate vertically. The choice of the upper limit of the buoyancy dominated regime as the point at which there is a transition in the stress orientation is slightly arbitrary but is motivated by the fact that the stress decreases to zero at this point even though temperature is decreasing. 
